We studied the patterns of membrane potential changes in laryngeal motoneurons (LMs) during vocalization, coughing, swallowing, sneezing, and the aspiration reflex in decerebrate paralyzed cats. LMs, identified by antidromic activation from the recurrent laryngeal nerve, were expiratory (ELMs) or inspiratory (ILMs) cells that depolarized during their respective phases in eupnea. During vocalization, most ELMs depolarized and most ILMs hyperpolarized. Some ILMs depolarized slightly during vocalization. During coughing, ELMs depolarized abruptly at the transition from the inspiratory to the expiratory phase. In one-third of ELMs, this depolarization persisted throughout the abdominal burst. In the remainder ("type A"), it was interrupted by a transient repolarization. ILMs exhibited a membrane potential trajectory opposite to that of type A ELMs during coughing. During swallowing, the membrane potential of ELMs decreased transiently at the onset of the hypoglossal burst and then depolarized strongly during the burst. ILMs hyperpolarized sharply at the onset of the burst and depolarized as hypoglossal activity ceased. During sneezing, ELMs and ILMs exhibited membrane potential changes similar to those of type A ELMs and ILMs during coughing. During the aspiration reflex, ELMs and ILMs exhibited bell-shaped hyperpolarization and depolarization trajectories, respectively. We conclude that central drives to LMs, consisting of complex combinations of excitation and inhibition, vary during vocalization and upper airway defensive reflexes. This study provides data for analysis of the neuronal networks that produce these various behaviors and analysis of network reorganization caused by changes in dynamic connections between the respiratory and nonrespiratory neuronal networks.
We studied the patterns of membrane potential changes in laryngeal motoneurons (LMs) during vocalization, coughing, swallowing, sneezing, and the aspiration reflex in decerebrate paralyzed cats. LMs, identified by antidromic activation from the recurrent laryngeal nerve, were expiratory (ELMs) or inspiratory (ILMs) cells that depolarized during their respective phases in eupnea. During vocalization, most ELMs depolarized and most ILMs hyperpolarized. Some ILMs depolarized slightly during vocalization. During coughing, ELMs depolarized abruptly at the transition from the inspiratory to the expiratory phase. In one-third of ELMs, this depolarization persisted throughout the abdominal burst. In the remainder ("type A"), it was interrupted by a transient repolarization. ILMs exhibited a membrane potential trajectory opposite to that of type A ELMs during coughing. During swallowing, the membrane potential of ELMs decreased transiently at the onset of the hypoglossal burst and then depolarized strongly during the burst. ILMs hyperpolarized sharply at the onset of the burst and depolarized as hypoglossal activity ceased. During sneezing, ELMs and ILMs exhibited membrane potential changes similar to those of type A ELMs and ILMs during coughing. During the aspiration reflex, ELMs and ILMs exhibited bell-shaped hyperpolarization and depolarization trajectories, respectively. We conclude that central drives to LMs, consisting of complex combinations of excitation and inhibition, vary during vocalization and upper airway defensive reflexes. This study provides data for analysis of the neuronal networks that produce these various behaviors and analysis of network reorganization caused by changes in dynamic connections between the respiratory and nonrespiratory neuronal networks.
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The larynx, phylogenetically an organ for protecting the airway, acquired a vocal f unction during the process of evolution. Accordingly, opening or closing of the glottis serves several functions, including respiration, airway protection, and vocalization. In eupnea, the vocal fold is abducted during inspiration to decrease airway resistance and is slightly adducted during expiration, which brakes expiratory airflow and so limits collapse of the lung (Bartlett, 1986) . During vocalization, forced expiratory airflow with glottal narrowing vibrates the vocal cords. Various laryngeal movements occur during defensive reflexes. For example, in both coughing and sneezing, there is a series of movements consisting of glottal closure during forced expiration, followed by transient glottal opening, which results in an explosive expiratory airflow that expels foreign bodies from the upper airways (Korpas and Tomori, 1979) . Swallowing-related glottal closure protects the lower airway from aspiration. In the aspiration reflex, short powerf ul inspiratory efforts with the glottis open would clear irritants from the nasopharynx (Korpas and Tomori, 1979; Widdicombe, 1986) . Although the larynx plays a critical role in these behaviors, little is known about the central mechanisms that drive laryngeal motoneurons in response to sensory stimuli. How do animals use the same peripheral structures to generate different behavioral responses? In the present study, we monitored membrane potential changes in laryngeal motoneurons to determine the nature of their central drives during vocalization and upper airway defensive reflexes, including coughing, sneezing, swallowing, and the aspiration reflex. This study will provide data for analysis of neuronal networks that produce these behaviors and will help to reveal neural architectures that cause the same peripheral structures to yield different adaptive behaviors in response to sensory stimuli.
Fictive behavior models in paralyzed animals allow stable neuronal recordings by eliminating animal movements and simplify the analysis of neural activities by removing movement-related feedback inputs. Thus, we recorded membrane potentials in laryngeal motoneurons during fictive vocalization (Shiba et al., 1996) , fictive coughing (Bolser, 1991; Grélot and Milano, 1991) , fictive sneezing (Satoh et al., 1998) , fictive swallowing (Nishino et al., 1985; Umezaki et al., 1998) , and the fictive aspiration reflex (Jodkowski et al., 1989) in paralyzed, artificially ventilated cats. The intralaryngeal muscles consist of the vocal fold adductors, abductor, and tensor. These muscles are innervated by the recurrent laryngeal nerve (RLN), except the vocal fold tensor, i.e., cricothyroid muscle, which is innervated by efferents from the superior laryngeal nerve (SLN). In the present study, we performed intracellular recordings from laryngeal motoneurons activated antidromically from the RLN, i.e., motoneurons of intralaryngeal muscles other than the cricothyroid. Barillot et al. (1990) reported that laryngeal motoneurons consist of inspiratory laryngeal motoneurons (ILMs) that depolarize during inspiration and expiratory laryngeal motoneurons (ELMs) that depolarize during expiration. Because the adductor and abductor muscles are activated during the expiratory and inspiratory phases in eupnea, respectively (Wyke and K irchner, 1976; Bartlett, 1986) , EL Ms and IL Ms are thought to correspond to the adductor and abductor motoneurons, respectively.
MATERIALS AND METHODS
General procedures. All the procedures used in this study conform to the NIH Guide for the Care and Use of Laborator y Animals and the Chiba Universit y Guide for Animal E xperimentation.
Data were obtained from 17 adult cats of either sex. The animals were initially anesthetized with halothane (1.0 -3.0%) vaporized in 50% nitrous oxide -50% oxygen and were decerebrated at the precollicular level after bilateral ligation of the common carotid arteries. Dexamethasone (1 mg / kg, i.m.) and atropine (0.1 mg / kg, i.m.) were administrated to minimize brain edema and to reduce secretion in the airways, respectively. The trachea was cannulated by inserting the horizontal portion of a T-shaped tube into the rostral and caudal tracheal cut ends. C annulas were placed in the femoral artery to monitor blood pressure and in the femoral veins for drug administration. Mean blood pressure was maintained above 90 mmHg, if necessary, using intravenous inf usion of suprifen hydrochloride (0.05 ml / kg). Animals were placed in a stereotaxic frame, and the dorsal surface of the medulla was exposed for recording. The caudalmost 2-4 mm of cerebellum was sometimes aspirated to facilitate inserting electrodes. Rectal temperature was kept at 36 -37.5°C using a heating lamp. Anesthesia was discontinued after the completion of all surgical procedures and at least 1 hr before data collection. At the end of each experiment, the animal was killed by an overdose of sodium pentobarbital.
Induction of vocalization. To induce vocalization, a tungsten microelectrode (tip impedance, 9 -12 M⍀; model 25-08-3; Frederick Haer & Co., Bowdoinham, M E) was inserted into the periaqueductal gray (PAG) [Horsley-C larke stereotaxic coordinates: anterior (A), 1.0 -2.5; left (L) or right (R), 1.0 -2.0; horizontal (H), ϩ2.0 -0] before induction of paralysis (Jürgens, 1994; Z hang et al., 1994) . Microstimulation (pulse duration, 0.2 msec; frequency, 100 Hz; intensity, 30 -150 A; stimulus duration, 1-5 sec) was delivered with tracking steps of 0.5 mm to identif y the call site. PAG stimulation can induce "meow" or "hiss" vocalization (Z hang et al., 1994) . We only analyzed meow vocalization. When PAG stimulation induced hiss vocalization, we proceeded to a stimulus site where only meow vocalization was induced. When the stimulus threshold for vocalization was over 150 A in the PAG or if we could not find a PAG stimulus site where only meow vocalization was induced, we changed the stimulus site to the pontine call site (PC S) [Horsley-C larke stereotaxic coordinates: posterior, 2.0 -A, 1.0; L or R, 3.0 -5.0; H, Ϫ4.5 to Ϫ6.0], which is thought to be part of the descending pathway from the PAG to the lower brainstem conveying information necessary for vocalization (Kanai and Wang, 1962; de Lanerolle, 1990; Wada, 1994; Sakamoto et al., 1996b) . The electrode was fixed at the site where the stimulus threshold for vocalization was lowest. The stimulus intensity was set at 1.5 times this vocal threshold for the remainder of the experiment.
After a stimulating electrode was fixed in the PAG or PC S, the animal was paralyzed with pancuronium bromide (initially 0.3 mg / kg, i.v., and then 0.15 mg ⅐ kg Ϫ1 ⅐ hr Ϫ1 ) and artificially ventilated with room air (20 -24 cycles/min). End-tidal C O 2 was kept at 4 -5%. Bilateral pneumothoraces were made to reduce respiratory movements of the brainstem.
Recordings of nerve activities and membrane potentials. Bipolar silver cuff electrodes were placed around the C5 phrenic, L1 abdominal, and lateral branch of the hypoglossal (lat-X II) nerves for recording, around both SL Ns for recording and stimulation, and around both RL Ns for stimulation. The lat-X II innervates the styloglossus muscle, i.e., the elevator of the posterior tongue (Gilliam and Goldberg, 1995) . Activities of these nerves were amplified, f ull-wave rectified, and low-pass filtered (time constant, 1 msec). Using low-impedance (1-3 M⍀) glass electrodes containing 3 M KC l, we located the laryngeal motoneuron pool while stimulating the RL N to evoke an antidromic field potential. When the laryngeal motoneuron pool was located, the recording electrode was switched to a 7-25 M⍀ glass electrode containing 3 M KCl or 2 M K citrate for intracellular recordings. Laryngeal motoneurons were identified by antidromic activation from the RL N, which was not preceded by EPSPs. For each laryngeal motoneuron, the membrane potential was defined as the difference between the intracellular and extracellular potentials, using as a reference a single grounded Ag /AgC l 2 electrode inserted into the temporalis muscle. Membrane potentials and nerve activities were stored on tapes and sampled at 20 and 2 kHz, respectively, using a C ambridge Electronic Design (C ambridge, UK) 1401-plus data interface and Spike 2 software in conjunction with a Power Macintosh (7300/180) computer.
Preparation and identification of fictive behavior models. Fictive vocalization was evoked by electrical stimulation of the PAG or PC S as described above. Fictive coughing and swallowing were evoked by electrical stimulation of the SL N (pulse duration, 0.2 msec; frequency, 10 Hz; intensity, 30 -150 A). Stimulus intensity was determined by the method of Oku et al. (1994) . Fictive sneezing was evoked by mechanical stimulation of the nasal mucosa with a fine polyethylene tube.
Mechanical stimulation of the nasopharyngeal mucosa can elicit an aspiration reflex consisting of powerf ul contractions of the diaphragm not followed by active expiration (Korpas and Tomori, 1979) . Some authors have placed reliance on phrenic activity alone to define the aspiration reflex in paralyzed animals (Jodkowski et al., 1989; Fung et al., 1995) . However, we believe that to identif y the fictive aspiration reflex in paralyzed cats, it is necessary to compare respiratory muscle and nerve activity before and after paralysis, and f urthermore, because the aspiration reflex is characterized by powerf ul diaphragmatic activation without subsequent active expiration, that recording from the abdominal nerve is necessary. We compared changes in activities of the phrenic, abdominal, and lat-X II nerves during nasopharyngeal stimulation after induction of paralysis, with the activities of muscles innervated by them during the reflex induced before paralysis. Thus, bipolar stainless steel wire electrodes (diameter, 50 m) were implanted in the diaphragm, external oblique, and styloglossus muscles. A fine needle connected to a pressure transducer was inserted into the trachea to record tracheal pressure. The technique of recording from these muscles was the same as for nerves. We evoked both the real and the fictive aspiration reflexes by touching the nasopharynx with a polyethylene tube inserted through the nasal cavity.
Data anal ysis. For each laryngeal motoneuron, the amplitudes of respiratory-related depolarization and hyperpolarization were averaged over three consecutive respiratory cycles for each behavior. For fictive behaviors, mean values were calculated using three episodes of a given behavior. We defined the resting potentials of EL Ms and IL Ms as their end-inspiratory and end-expiratory membrane potentials as determined by the timing of phrenic nerve activity. The amplitudes of peak depolarization and hyperpolarization were measured from these resting potentials. When a neuron discharged, the amplitude of depolarization was defined as the maximum value of the threshold depolarization level at which an action potential was generated. Statistical comparisons of changes in membrane potentials were performed using a one-way ANOVA. Differences were considered significant at p Ͻ 0.05. Group data were expressed as mean Ϯ SD.
RESULTS
All 82 laryngeal motoneurons recorded exhibited the respiratoryrelated modulation in membrane potential changes. Of these, 55 neurons depolarized during the expiratory phase and 27 during the inspiratory phase (Table 1) . Thus, we could classify all recorded laryngeal motoneurons as ELMs or ILMs as defined by ELMs  41  3  0  2  2  1  1  4  55  ILMs  7  6  4  2  3  0  0  5  27  Total  48  9  4  4  5  1  1  9  82 V, Vocalization; C, coughing; SW, swallowing; SN, sneezing; A, aspiration reflex. Number of laryngeal motoneurons studied during behaviors are indicated. Barillot et al. (1990) . Antidromic latencies of ELMs and ILMs averaged 4.9 Ϯ 2.1 and 5.1 Ϯ 1.1 msec, respectively.
Distribution of ELMs and ILMs during vocalization and upper airway defensive reflexes
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Fictive vocalization
Fictive vocalization was characterized by bursting activities of the SLN and the abdominal nerve (Shiba et al., 1996) . The activity of the SLN efferents during the expiratory phase was particularly important for identifying fictive vocalization. In eupnea, this nerve is usually active during inspiration. PAG and PCS stimulation caused the period of SLN activation to switch to the expiratory phase with much greater amplitude than in eupnea (Figs. 1, 2). Thus, we regarded SLN burst activity during the expiratory phase as an indicator of vocalization. We recorded membrane potential changes in 48 ELMs and 19 ILMs during fictive vocalization. Figure 1 shows two examples of membrane potential changes in ELMs during PAG stimulation. During fictive vocalization, ELMs usually depolarized abruptly at the onset of SLN burst (Fig. 1 A) . The amplitude of this depolarization (7.8 Ϯ 4.3 mV; range, 1.0 -19 mV) was greater than that of the control expiratory depolarization (4.8 Ϯ 3.8 mV; range, 1.0 -12 mV) ( p Ͻ 0.01). Both the mean and peak discharge frequencies of ELMs were usually increased during vocalization (Fig. 1 A) . In 8 of 48 ELMs, the amplitude of the vocal-related depolarization was similar to that of eupnic expiratory-related depolarization (Fig. 1 B) . In both these types of ELM, the decrementing pattern of membrane potential trajectory during the expiratory phase changed to a bell-shaped pattern or a plateau during vocalization. Both types of ELMs were recorded during PAG and PCS stimulation. No ELM exhibited vocalrelated depolarization smaller than control expiratory-related depolarization.
ILMs depolarized immediately after the onset of call site stimulation with a latency of Ͻ0.1 sec (Fig. 2 A, B) . The amplitude of depolarization during the inspiratory phase during stimulation (6.5 Ϯ 4.4 mV; range, 1.7-16.5 mV) was greater than control depolarization (4.9 Ϯ 3.6 mV; range, 0.7-11.5 mV) ( p Ͻ 0.05). In the majority (15 of 19) of ILMs, the membrane potential repolarized abruptly at the transition from the inspiratory to the vocal phase (Fig. 2 A) . In these ILMs, the amplitude of vocal-related hyperpolarization (Ϫ5.1 Ϯ 3.4 mV; range, Ϫ0.8 to Ϫ8.8 mV) were greater than that of control expiratory hyperpolarization (Ϫ1.9 Ϯ 1.2 mV; range, Ϫ0.8 to Ϫ4.0 mV) ( p Ͻ 0.05), and the augmenting pattern of membrane potential trajectory changed to a bell-shaped or decrementing pattern during stimulusinduced inspiration and to a plateau during vocalization (Fig.  2 A) . Some IL Ms (4 of 19) remained depolarized during vocalization ( Fig. 2 B) ; one was recorded during PAG stimulation and three during PC S stimulation. In these IL Ms, the amplitude of the vocal-related depolarization averaged 3.2 Ϯ 1.5 mV (range, 1.5-4.5 mV).
Fictive coughing
Fictive coughing was characterized by bursting activity in the abdominal nerve preceded by increased and prolonged phrenic (Bolser, 1991; Grélot and Milano, 1991) . We recorded membrane potential changes in 13 EL Ms and 20 ILMs during fictive coughing. EL Ms hyperpolarized during the augmented phrenic discharge (stage C1) and then depolarized strongly at the transition from the inspiratory to the expiratory phase (I-E transition) (stage C2) (Fig. 3B) . The abdominal nerve began to burst 31 Ϯ 8 msec after the onset of EL M depolarization. In 8 of the 13 EL Ms, the membrane potential repolarized transiently after this depolarization (stage C3) and then depolarized again for the remainder of the abdominal burst (stage C4) (Fig. 3B) . We termed these "type A" EL Ms. The amplitude and duration of their depolarization during C2 averaged 13.7 Ϯ 3.2 mV (range, 11-18 mV) and 0.14 Ϯ 0.02 sec, respectively. The membrane potential difference between C2 and C3 averaged 5.9 Ϯ 1.8 mV (range, 1.8 -10.1 mV). The duration of the repolarization during C3 averaged 0.11 Ϯ 0.02 sec. Both the depolarization during C2 ( p Ͻ 0.05) and that during C4 (13.9 Ϯ 2.8 mV; range, 11-18 mV) ( p Ͻ 0.05) were greater than expiratoryrelated depolarization (7.7 Ϯ 2.8 mV; range, 5.0 -11 mV). In the other five ELMs, depolarization persisted after the I-E transition without transient repolarization (Fig. 4) . We termed these "type B" ELMs. In type B ELMs, the amplitude of the depolarization during the abdominal burst (14.3 Ϯ 5.3 mV; range, 8.0 -20.0 mV) was greater than that of control expiratory-related depolarization (9.3 Ϯ 3.8 mV; range, 4.0 -12.0 mV) ( p Ͻ 0.05). There was no significant difference in the amplitude of depolarization at the I-E transition of coughing between types A and B ELMs. Discharge frequencies during the expiratory phase of coughing were This neuron depolarized not only during the stimulus-induced inspiratory phase but also during the vocal phase. In both neurons, mean discharge frequencies increased during the stimulus-induced inspiratory phase compared with the control inspiratory phase (top panels). Presumptive resting potentials of these ILMs, defined as their end-expiratory membrane potentials, were measured at arrows. increased up to 100 Hz, as shown in Figures 3 and 4 . Individual SLN stimulation evoked EPSPs. When two coughing episodes occurred consecutively, the expiratory phase of the preceding one tended to become shorter.
All 20 IL Ms exhibited membrane potential trajectories opposite to those of type A EL Ms during coughing. IL Ms depolarized during the inspiratory phase of coughing (stage C1) and then hyperpolarized sharply at the I-E transition (stage C2) (Fig. 5) . This hyperpolarization, the onset of which slightly preceded the abdominal burst, lasted for 0.12 Ϯ 0.05 sec. Subsequently, the membrane potential depolarized again (stage C3) and then repolarized slowly during the remainder of the burst (stage C4) (Fig.  5) . The amplitude of the initial depolarization during C1 (4.4 Ϯ 1.7 mV; range, 1.6 -6.3 mV) was greater than control inspiratoryrelated depolarization (3.5 Ϯ 1.7 mV; range, 1.0 -5.3 mV) ( p Ͻ 0.01). Neither the amplitude of the hyperpolarization during C2 (Ϫ4.1 Ϯ 2.7 mV; range, Ϫ0.5 to Ϫ10.0 mV) nor during C4 (Ϫ3.9 Ϯ 2.0 mV; range, Ϫ1.2 to Ϫ7.2 mV) differed from that of control expiratory-related hyperpolarization (Ϫ3.5 Ϯ 1.7 mV; range, Ϫ1.0 to Ϫ5.3 mV). The amplitude of the depolarization during C3 averaged 0.65 Ϯ 1.96 mV (range, Ϫ2.0 -5.1 mV). The duration of this depolarization averaged 0.14 Ϯ 0.05 sec. No ILM exhibited membrane potential trajectories opposite to that of type B ELMs, i.e., no ILM hyperpolarized continuously throughout the abdominal burst.
Fictive swallowing
Fictive swallowing was characterized by bursting activity of the hypoglossal nerve, frequently accompanied by a brief burst of phrenic nerve activity, during laryngeal afferent stimulation (Figs. 3-5) (Nishino et al., 1985; Grélot et al., 1992; Oku et al., 1994; Umezaki et al., 1998) . We regarded SLN-induced burst activity of the lat-XII as an indicator of fictive swallowing, because the styloglossus muscle innervated by the lat-XII is activated during the pharyngeal stage (Doty and Bosma, 1956; Amri et al., 1989) .
We recorded membrane potential changes in 10 ELMs and 10 ILMs during fictive swallowing. The membrane potential of ELMs decreased briefly for 0.19 Ϯ 0.10 sec at the onset of the swallow-related hypoglossal burst (stage SW1) (Figs. 3, 4) . Subsequently, ELMs depolarized strongly during the hypoglossal burst (stage SW2) (Figs. 3, 4) . The change in membrane potential during SW1 was 5.6 Ϯ 1.8 mV (range, 3.5-8.0 mV). The amplitude of the swallow-related depolarization (SW2) (13.7 Ϯ 3.5 mV; range, 7.5-17.0 mV) was greater than that of control expiratoryrelated depolarization (8.4 Ϯ 3.0 mV; range, 5.0 -12.0 mV) ( p Ͻ Figure 3 . Membrane potential changes in a type A EL M during fictive coughing and swallowing. A and B were recorded during eupnea and SLN stimulation, respectively. In B, fictive swallowing is identified by the burst of the lat-X II. Membrane potential fell before the swallow-related hypoglossal burst (SW1) and then abruptly increased for the remainder of the hypoglossal burst (SW2). Fictive coughing is identified by the abdominal nerve burst after phrenic activation. T wo episodes of cough are shown. This neuron hyperpolarized during the inspiratory phase of coughing (C1, labeled in the second cough episode), depolarized briefly during the transition from the inspiratory to the expiratory phase of coughing (I-E transition) (C2), repolarized transiently (C3), and then depolarized again (C4 ). Note that firing ceased during C3. The C4 depolarization was maintained for the duration of the abdominal burst. Repetitive stimulation of the SL N (10 Hz) was applied at the arrowheads. Presumptive resting potential of this ELM was measured at the arrow. 0.01). The duration of SW2 averaged 0.29 Ϯ 0.05 sec. The amplitude of SW2 did not differ from that of the depolarization at the I-E transition of coughing.
There was marked hyperpolarization of IL Ms during the hypoglossal burst (stage SW2), followed by depolarization at the offset of the burst (stage SW3) (Fig. 5) . The amplitude of SW2 (Ϫ7.7 Ϯ 5.1 mV; range, Ϫ2.4 to Ϫ18.5 mV) was greater than control expiratory-related hyperpolarization (Ϫ3.5 Ϯ 1.7 mV; range, Ϫ1.2 to Ϫ5.3 mV) ( p Ͻ 0.05), but the subsequent depolarization (SW3) (2.4 Ϯ 1.6 mV; range, 0.0 -4.1 mV) did not differ from control inspiratory-related depolarization (3.1 Ϯ 1.8 mV; range, 1.0 -5.2 mV). The respective duration of SW2 and SW3 was 0.35 Ϯ 0.27 and 0.27 Ϯ 0.08 sec.
Fictive sneezing
The motor pattern of the phrenic and abdominal nerves during sneezing, which consists of burst activity of the abdominal nerve after phrenic nerve activation, was similar to that during coughing. A difference between the motor patterns of sneezing and coughing was observed in the activity of the lat-XII, which was sharply activated during the latter part of the expiratory phase of sneezing (Figs. 6, 7) , but it showed only minor activity during (arrowheads) . Note the depolarization during the inspiratory phase of coughing (C1), followed by abrupt hyperpolarization at the I-E transition (C2), transient hyperpolarization (C3), and gradual repolarization during the residual abdominal burst (C4 ). This neuron hyperpolarized abruptly during the swallow-related hypoglossal burst (SW2) and then depolarized in SW3. Presumptive resting potential of this IL M was measured at the arrow.
coughing (Figs. 3-5) , as reported by Satoh et al. (1998) . Thus, we regarded burst activity of the lat-X II and abdominal nerves together during nasal stimulation as indicating fictive sneezing.
We recorded membrane potential changes in six EL Ms and five ILMs during fictive sneezing. The respective patterns of membrane potential changes in EL Ms and IL Ms during sneezing were similar to that of type A EL Ms and IL Ms during coughing, with the exception of the stage C4. EL Ms hyperpolarized during the inspiratory phase of sneezing (stage SN1) and then depolarized at the I-E transition (stage SN2) (Fig. 6 B) . The onset of this depolarization was before the abdominal burst. Subsequently, there was a brisk repolarization of EL Ms during the latter part of the lat-X II and abdominal nerve burst (stage SN3) (Fig. 6 B) . The amplitude of the depolarization during SN2 (8.1 Ϯ 1.85 mV; range, 6.0 -10.0 mV) was greater than that of expiratory-related depolarization (6.3 Ϯ 2.0 mV; range, 3.6 -8.0 mV) ( p Ͻ 0.01), but the amplitude of the subsequent hyperpolarization (SN3) (Ϫ1.51 Ϯ 2.43 mV; range, 2.4 to Ϫ4.24 mV) did not differ from control inspiratory-related hyperpolarization (Ϫ0.9 Ϯ 0.9 mV; range, 0.0 to Ϫ2.0 mV). The duration of stages SN2 and SN3 was 0.12 Ϯ 0.04 and 0.05 Ϯ 0.01 sec, respectively.
The membrane potential trajectories of IL Ms during fictive sneezing were opposite to those of EL Ms. IL Ms depolarized during the inspiratory phase of sneezing (stage SN1) and then hyperpolarized at the I-E transition (stage SN2) (Fig. 7 A, B) . The trajectory of this hyperpolarization was decrementing in pattern. ILMs depolarized briskly during the latter part of the expiratory burst (stage SN3) (Fig. 7B) . The amplitude of hyperpolarization during SN2 (Ϫ5.8 Ϯ 3.6 mV; range, Ϫ3.0 to Ϫ10.8 mV) did not differ from expiratory-related hyperpolarization (Ϫ2.2 Ϯ 2.0 mV; range, Ϫ0.9 to Ϫ4.8 mV), nor did the depolarization during SN3 (7.4 Ϯ 6.5 mV; range, 3.2-17.0 mV) differ from inspiratoryrelated depolarization (4.19 Ϯ 0.92 mV; range, 3.0 -5.2 mV). The duration of stages SN2 and SN3 averaged 0.12 Ϯ 0.05 and 0.04 Ϯ 0.01 sec, respectively. There were differences between the patterns of membrane potential changes in coughing and sneezing. First, the repolarization of EL Ms at the I-E transition during sneezing was larger than that during coughing because the difference in membrane potential of ELMs between stages SN2 and SN3 of sneezing (9.6 Ϯ 3.8 mV; range, 4.0 -12.0 mV) was greater than that between stages C2 and C3 of coughing ( p Ͻ 0.05). Second, the amplitude of ILM depolarization during SN3 of sneezing was greater than during C3 of coughing ( p Ͻ 0.05). Third, persistent depolarization of ELMs and hyperpolarization of ILMs with continuation of the abdominal burst (stage C4 of coughing) was not observed during sneezing. Finally, during sneezing, no ELM exhibited continuous depolarization throughout the abdominal burst, like type B ELMs during coughing; all showed transient repolarization, like type A ELMs.
The fictive aspiration reflex
In four cats, we compared the activities of the phrenic, abdominal, and lat-XII nerves during nasopharyngeal stimulation after paralysis with the electromyographic activities of the diaphragm, external oblique, and styloglossus muscles during the real aspiration reflex induced by nasopharyngeal stimulation before paralysis. Nasopharyngeal stimulation in nonparalyzed cats (Fig. 8 A) caused repeated highly recruited activities of the diaphragm, i.e., the aspiration reflex (Korpas and Tomori, 1979) . This powerful inspiratory activity caused a negative tracheal pressure of ϳ40 cm of H 2 O and was associated with strong activation of the styloglossus muscle. In contrast to coughing and sneezing, diaphragmatic activity was not followed by an abdominal muscle burst. Figure  8 B shows respiratory and tongue nerve activities during nasopharyngeal stimulation in paralyzed cats. The phrenic and lat-XII nerves were strongly and simultaneously activated without abdominal nerve activation. The pattern of nerve activities was similar to that of the muscle activities observed before paralysis. Using this "fictive aspiration reflex," we conducted intracellular recordings from five ELMs and five ILMs in paralyzed cats.
Because a polyethylene tube inserted through the nasal cavity could stimulate both the nasal and nasopharyngeal mucosae simultaneously, the aspiration reflex was sometimes evoked in conjunction with sneezing (Fig. 7A) . ELMs hyperpolarized abruptly during the strong phrenic activation (Fig. 6C) and showed bell-shaped or plateau-like patterns of inhibitory inputs. The amplitude of this hyperpolarization (Ϫ3.7 Ϯ 1.4 mV; range, Figure 6 . Intracellular recordings from an EL M during sneezing and the aspiration reflex. A, B, and C were recorded during eupnea, stimulation of the nasal mucosa, and stimulation of the nasopharyngeal mucosa, respectively. B, Fictive sneezing is identified by simultaneous burst activities of the abdominal and lat-X II nerves after phrenic activation during nasal stimulation. This neuron hyperpolarized during the inspiratory phase of sneezing (SN1) and then depolarized abruptly at the I-E transition (SN2). Subsequently, the neuron repolarized sharply during the latter part of the abdominal burst (SN3). C, Fictive aspiration reflex, identified by burst activities of the phrenic and lat-X II nerves (see also Fig. 8 ). This neuron hyperpolarized abruptly during the phrenic burst. Presumptive resting potentials of this ELM was measured at the arrow.
Ϫ1.6 to Ϫ5.0 mV) was greater than control inspiratory-related hyperpolarization (Ϫ0.86 Ϯ 0.88 mV; range, Ϫ0.1 to Ϫ2.0 mV) ( p Ͻ 0.05). Its duration averaged 0.23 Ϯ 0.03 sec. IL Ms depolarized very strongly during the inspiratory reflex (Fig. 7A) and demonstrated bell-shaped patterns of membrane potential trajectories. The amplitude of this depolarization (13.8 Ϯ 4.0 mV; range, 9.2-18.0 mV) was greater than control inspiratory-related depolarization (4.2 Ϯ 0.92 mV) ( p Ͻ 0.05), and its duration was 0.26 Ϯ 0.02 sec.
DISCUSSION
This report is the first to describe the membrane potential changes in laryngeal motoneurons during vocalization, coughing, sneezing, swallowing, and the aspiration reflex. The respiratoryrelated pattern of membrane potential changes in laryngeal motoneurons was altered during these behaviors. This work forms the foundation for f urther investigation into the neuronal networks that generate these different behaviors and will help address the question of whether these behaviors result from reorganization of a single rhythm generating system or a number of coordinated systems.
Vocalization
The vocal fold adductor is strongly activated during PCS-induced vocalization (Yamanaka et al., 1993) . Indeed, many laryngeal motoneurons become active synchronously with vocalization (Yajima and Larson, 1993) . Consistent with this, ELMs depolarized strongly during vocalization. The question arises whether vocalization-related adductor activation is caused by synaptic inputs from the same region that produces respiratory-related laryngeal activity or from outside the respiratory network. Hostege (1989) proposed the final common pathway for vocalization: the projection from the PAG via the nucleus retroambigualis (NRA) to laryngeal motoneurons. Our previous study showed that neurons in the vicinity of the NRA are part of the neuronal network providing vocal-related drives to ELMs but do not participate in producing respiratory-related ELM activity (Shiba et al., 1997) . Furthermore, decrementing patterns of membrane potential trajectories of EL Ms during the expiratory phase in eupnea changed to bell-shaped patterns during vocalization. Based on these findings, we suggest that vocalization is caused by altering the neuronal network, which drives EL Ms by the addition of N R A neurons and by changes in the effective synaptic connections; PAG stimulation reorganizes the laryngeal neuronal network to induce vocalization.
The present study shows that recruitment during vocalization varies among EL Ms. The intralaryngeal muscles innervated by the RL N, except for the vocal fold abductor, consist of the thyroarytenoid, lateral cricoarytenoid, interarytenoid, thyroepiglottic, and aryepiglottic muscles. The main f unctional role of the thyroarytenoid, lateral cricoarytenoid, and interarytenoid muscles is vocal fold adduction. The thyroepiglottic and aryepiglottic muscles close the glottis at the level of the ventricular fold. We speculate that this variation in EL M activity may be attributable to differences in the muscles innervated.
Our findings that some IL Ms remained depolarized during the vocal phase is consistent with a report that the vocal fold abductor is sometimes activated slightly during PC S-induced vocalization (Yamanaka et al., 1993) . We suggest that vocalization-related abductor activity balances vocal fold adduction during vocalization and prevents excessive narrowing of the glottis. The PAG-NRA projection is not important for PAG-induced abductor activation (Shiba et al., 1997) . However, PAG neurons also project, through the PCS, to the region between the Bötzinger complex and rostral ventral respiratory group (BÖ T/rVRG) (Sakamoto et al., 1996b) , which is a key area for respiratory rhythmogenesis (Smith et al., 1991; Bianchi et al., 1995; Ezure, 1996) . Evidence that BÖ T augmenting expiratory neurons (E-AUG neurons), which inhibit VRG inspiratory neurons (Ezure, 1996) , can be silenced by PAG stimulation (Sakamoto et al., 1996a) suggests that these E-AUG neurons may be the synaptic source of ILM depolarization during the vocal phase, as well as the inspiratory phase, during call site stimulation. Furthermore, Larson (1991) raised the possibility that PAG cells send excitatory outputs to ILMs. Thus, we propose that the PAG-BÖ T/rVRG projection contributes to stimulus-induced abductor activity.
Coughing
Coughing events can be divided into four phases related to changes in glottal caliber: the inspiratory, compressive, expulsive, and narrowing phases (Korpas and Tomori, 1979) . After the inspiratory phase, the glottis is closed in the compressive phase with powerful expiratory muscle activity, which causes an abrupt rise in tracheal pressure. The glottis then dilates transiently at the peak of tracheal pressure to release an explosive expiratory airflow during the expulsive phase. The glottis then constricts again, i.e., the narrowing phase. We propose that stages C2, C3, and C4 correspond to the compressive, expulsive, and narrowing phases, respectively.
The phrenic and abdominal nerves did not change in activity during C3. The majority of BÖ T/rVRG respiratory neurons with monosynaptic connections to laryngeal motoneurons (Ezure and Manabe, 1988; Ezure et al., 1989; Jiang and Lipski, 1990) do not exhibit firing patterns synchronized with stage C3 (Oku et al., 1994; Shannon et al., 1996) . These respiratory neurons are the origin of respiratory-related laryngeal activity. Therefore, we suggest that, although the respiratory network plays an important role in generating cough-related respiratory activity, laryngeal movement at least during the expulsive phase is caused by drives originating outside the respiratory network. There were two types of ELMs, designated type A and type B. Their difference may be attributable to muscle differences as discussed in the section on vocalization. Our finding that only type A neurons participate in the expulsive phase suggests that the glottis does not completely dilate during the expulsive phase and that there may be the anatomical variation in synaptic sources of expulsive phase control of laryngeal motoneurons.
Swallowing
Swallowing, which consists of oral, pharyngeal, and esophageal stages, requires highly coordinated upper airway movements (Miller, 1982) . During the pharyngeal stage, a bolus is conveyed into the pharyngeal cavity and then passed through the pharyngoesophageal sphincter by involuntary peristaltic activity. Our findings that ELMs depolarized during SW2 and ILMs during SW3 are consistent with the results of previous electromyographic studies (Doty and Bosma, 1956; Umezaki et al., 1998) . Our results show that ELMs and ILMs hyperpolarized during SW1 and SW2, respectively. This adductor excitation (ELMs) with abductor inhibition (ILMs) during the pharyngeal stage (SW2) causes strong glottal closure, which protects the lower airway from aspiration. However, the functional significance of the adductor inhibition at the onset of the pharyngeal stage and the abductor excitation after the pharyngeal stage are unclear. We speculate that this adductor inhibition causes the intrathoracic pressure to reach an optimal level for deglutition. We suggest that negative intrathoracic pressure produced by low level inspiratory muscle activity against a closed glottis in stage SW2 assists the passage of the bolus from the pharynx to the esophagus. Our previous finding that abductor activation coincides with that of the inferior pharyngeal constrictor (Umezaki et al., 1998) indicates that the glottis is open while the upper esophageal sphincter prevents back-flow of the bolus. We speculate that this glottal opening allows equilibration of intrathoracic with atmospheric pressure during the esophageal stage of swallowing. In contrast to our findings, Z oungrana et al. (1997) reported that presumptive IL Ms activated antidromically from the cervical vagus nerve exhibit a simple hyperpolarization without subsequent depolarization during the pharyngeal stage in sheep.
Complex depolarizing-hyperpolarizing waves of membrane potential occur in some pharyngeal and hypoglossal motoneurons during swallowing (Tomomune and Takata, 1988; Z oungrana et al., 1997) . Swallowing motoneurons may possess complex intrinsic properties activated by the swallowing drive. Jean et al. (1996) proposed that swallowing neurons in the ventrolateral medulla coordinate the swallowing reflex by outputs to swallowing motoneurons. This is supported by recent studies demonstrating interneurons located dorsomedial to the BÖ T/rV RG that project to hypoglossal and /or laryngeal motoneurons and show brief burst firing during swallowing (Ezure et al., 1993; Ono et al., 1998) . It seems likely that these neurons are responsible for swallow-related laryngeal activities.
Sneezing
Laryngeal movements during sneezing are similar to those during coughing; sneezing events also consist of inspiratory, compressive, and expulsive phases. Consistent with this, the membrane potential changes in laryngeal motoneurons during sneezing were similar to those during coughing. The glottis, after inspiratory dilatation, closes completely at the onset of the expiratory phase of sneezing and then dilates abruptly (Korpas and Tomori, 1979) . As discussed in the section on coughing, we think that stages SN2 and SN3 correspond to the compressive and expulsive phases, respectively. The main differences we found in the activity of laryngeal motoneurons during coughing and sneezing (see Results) were in the expulsive phase. The greater expiratory airflow rate observed in sneezing (Unno, 1975) may be attributable to these differences in laryngeal motoneuron activities during the expulsive phase.
Based on findings in the present study and other reports showing that most medullary respiratory neurons exhibit discharge patterns consistent with involvement in sneezing but do not change in activity in synchrony with SN3 Lines, 1975, 1978; Jakus et al., 1985; Orem and Brooks, 1986; Wallois et al., 1992 Wallois et al., , 1997 , we conclude that, as for coughing, the central mechanism generating sneezing is intimately connected with the respiratory network but that the respiratory network does not control glottal movement during the expulsive phase of sneezing. Wallois et al. (1997) reported nonrespiratory neurons located near the nucleus of the solitary tract that fired only during the compressive phase of sneezing; it seems likely that these neurons are responsible for sneeze-related laryngeal activity.
The aspiration reflex
Mechanical stimulation of the nasopharyngeal mucosa caused an aspiration reflex consisting of strong inspiratory effort without subsequent expiration (Korpas and Tomori, 1979) . We designated phrenic burst activity without a subsequent abdominal nerve burst during nasopharyngeal stimulation in paralyzed cats a fictive aspiration reflex, because patterns of nerve activity after induction of paralysis were similar to patterns of respiratory motor activity induced by the stimulation during real aspiration episodes. Our results revealed that, in contrast to other upper airway defensive reflexes, simple bell-shaped changes in membrane potential were evoked in laryngeal motoneurons during the aspiration reflex. We think that the large ILM depolarization and ELM hyperpolarization during powerful inspiration facilitates an explosive inspiratory airflow. Our study also revealed that the tongue-back elevator was strongly activated during the aspiration reflex. We think that narrowing of the oral airway caused by this tongue movement enhances nasal airflow during the aspiration reflex, allowing removal of foreign material from the nasopharynx.
